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ABSTRACT 

I discuss gauge coupling unification in a class of superstring standard-like mod- 
els, which are derived in the free fermionic formulation. Recent calculations indi- 
cate that the superstring unification scale is at O(10 18 GeV) while the minimal 
supersymmetric standard model is consistent with LEP data if the unification 
scale is at O(10 16 )GeV . A generic feature of the superstring standard-like models 
is the appearance of extra color triplets (D, D), and electroweak doublets (£,£), in 
vector-like representations, beyond the minimal supersymmetric standard model. 
I show that gauge coupling unification at O(10 18 GeV) in the superstring standard- 
like models can be consistent with LEP data. I present an explicit standard-like 
model that can realize superstring gauge coupling unification. 



1. Introduction 

Superstring theory is a unique candidate for the unification of gravity with 
the gauge interactions. As unified theories of the gauge interactions, superstring 
theories predict that the gauge coupling unification scale is at O(10 18 GeV) [1]. 
On the other hand, recent precision LEP data for sin 2 ^ and a s , indicates that 
the unification scale of the minimal supersymmetric standard model is at O(10 16 
GeV) [2]. Thus, two orders of magnitude separate the superstring unification scale 
and the successful unification scale of SUSY GUTS. 

This problem is one of the challenges facing superstring theory. It does not 
seem to be possible to resolve this problem by invoking uncertainties in the low 
energy inputs, uncertainties in the large extrapolation due to higher loop effects 
or by inclusion of the effect of Yukawa couplings on the renormalization group 
equations. Several solutions have been contemplated to resolve this problem . In 
Ref. [3] the effects of string threshold corrections were examined in detail. From 
the results we may conclude that string threshold corrections are not likely to 
resolve the problem. In Ref. [4] possible extensions of the spectrum of the minimal 
supersymmetric standard model were speculated in the context of superstring GUT 
models. 

An attractive alternative to superstring models which are based on interme- 
diate GUT models is to derive the Standard Model directly from the superstring 
[5,6,7,8,9]. In these models the gauge couplings of the Standard Model must unify 
at the superstring unification scale. Among the superstring models, there is a 
unique class of standard-like models [7,8,9] with the following properties: 

1. Three and only three generations of chiral fermions. 



3. There are enough scalar doublets and singlets to break the symmetry in a realistic 
way and to generate realistic fermion mass hierarchy [8,9]. 

4. Proton decay from dimension four and dimension five operators is suppressed due 
to gauged U(l) symmetries [9]. 

5. These models explain the top-bottom mass hierarchy. At the trilinear level of 
the superpotential, only the top quark gets a non-vanishing mass term. The mass 
terms for the bottom quark and for the lighter quarks and leptons are obtained 
from non-renormalizable terms. Thus, only the top quark mass is characterized 
by the electroweak scale and the masses of the lighter quarks and leptons are 
naturally suppressed [8,14]. The top-bottom mass hierarchy is correlated with the 
requirement of a supersymmetric vacuum at the Planck scale [7,8,9]. 

In this paper I address the question of gauge coupling unification in the su- 
perstring derived standard-like models. A generic feature of these models is the 
appearance of additional color triplets, (D,D), and electroweak doublets (£,£), in 
vector-like representations, beyond the minimal standard supersymmetric model. 
I show that gauge coupling unification at O(10 ls )GeV can be consistent with LEP 
precision data for sin 2 9\y and a s , provided that the additional states are found at 
the appropriate scales. I construct a specific standard-like model which can realize 
superstring gauge coupling unification. 

2. The superstring model 

The superstring standard-like models are derived in the free fermionic formula- 
tion [12]. In this formulation all the degrees of freedom needed to cancel the con- 
formal anomalv are reDresented in terms of internal free fermions DroDasratine' on 



set of boundary condition vectors, which satisfies the modular invariance con- 
straints. The basis vectors, b^, span a finite additive group S = Y2k n k^k where 
nji — 0, • • • , N Zk — 1. The physical massless states in the Hilbert space of a given 
sector a G S, are obtained by acting on the vacuum with bosonic and fermionic 
operators and by applying the generalized GSO projections. 

The superstring model is generated by a basis of eight vectors of boundary 
conditions for all the world-sheet fermions. The first five vectors in the basis consist 
of the NAHE set, {1, S, bi, &2, ^3} [13,9]. In addition to the first five vectors, the 
basis contains three additional vectors. These vectors and the choice of generalized 
GSO projection coefficients are given in table 1, where the notation of Refs. [14, 
9] is used. The basis vectors a, (3 and 7 are the basis vectors of Ref. [8]. The 
following generalized GSO projection coefficients are modified 



The set { 1 , S, b\ , 62 , &3 } gives an N — 1 supersymmetric, SO(10) x SO(6) s x E 8 
gauge group with 3x2 copies of massless chiral fields (16 + 4) + (16 + 4), 
two from each of the sectors &i,&2,&3- The vectors a, (3, 7 break the horizon- 
tal symmetries to U(l) s x U(l) 3 , which correspond to the right-moving world- 
sheet currents fjffjf (a = 1,2,3) and 1/31/6,1/1^5,^2^4 respectively (I define 



^^^(f + if)X 2 =^(f + iu 5 ),( 3 =^(^ 2 + i^ 4 ))- The vectors a, (3 break the 
SO (10) symmetry to SO (6) x SO (4) and the hidden group from Eg to SO (16). 
The vector 7 breaks SO(6) x SO(4) -> SU(3) C x U(l) c x SU(2) L x U(1) L *. and 
SO(16) -> SU(5) H x 5^(3)^ x f/(l) 2 . The weak hypercharge is given by U(1) Y = 




(1) 



2 



The full massless spectrum was derived by using a FORTRAN program. Here 
I list only the states which are relevant for gauge coupling unification. The full 
massless spectrum will be presented elsewhere. The following massless states are 
produced by the sectors 61,2,3, S + b\ + 62 + a + P, O and their superpartners 
in the observable [(SU(3)c, U(l)c); {SU(2)l, ^(1)l)]i, 2 ,3,4, 5 ,6 sector, where 1, 6 
denote the charges under the six extra i/(l)s. 



(a) The 61,2,3 sectors produce three SO (10) chiral generations. G a = e c L + 
u c T + Nf +d c T + Q a + L a (a = 1, • • • , 3) where 

J-Ja. J-'a J-'a v y 



of SU(3)c x U{l)c x SU(2)lX U(1)l, with charges under the six horizontal U(l)s. 
From the sector b\ we obtain 



(4 + M i)i,o,o,i,o,o + ( d L + n l) i,0,0,i,0,0 + ( L )i,0,0 -1,0,0 + (Q)i,o,o,-i,o,o> ( 3a ) 



( e i + w I)o,i,o,o,i,o + (^E + rf L)o,i,o,o,|,o + (^)o,i,o,o,-i,o + (<2)o,i,o,o,-i,o> ( 3b ) 



e£ = [(l^);(l,l)]; ti£ = [(3,-|);(l,-l)]; Q 

JV£ = [(1, |);(1,-1)]; ^ = [(3,-1)5(1,1)]; L 



[(3,1); (2,0)] (2a, b, c) 
[(1,-|);(2,0)] (2d,e,f) 



from the sector 62 



and from the sector 63 



( e i + w i)o,o,|,o,o,i + (W£ + rf|)o,o,i,o,o,i + (^)o,o,i,o,o,-i + (<2)o,o,±,o,o,-i- ( 3c ) 



(b) The S + b\ + b2 + a + (3 sector gives 



h 45 = [(1, 0); (2, -1)] 1,1,0,0,0,0 h 45 = [(1, 0); (2, , , ,o,o *>) 

$ 45 = [(1, 0); (1, 0)]_ h _ h _ lfififi $' 45 = [(1, 0); (1, 0)]_ |; _ il)0A0 (4c, d) 
$! = [(1, 0); (1, 0)]_i,i, ,o,o,o *2 = [(1, 0); (1, 0)]_i,i , ,o,o,o (4e, /) 

(and their conjugates /145, etc.). The states are obtained by acting on the vac- 
uum with the fermionic oscillators ^ 4 ' 5 , fj 3 , f/5, loq, respectively (and their complex 
conjugates for /145, etc.). 

(c) The Neveu-Schwarz O sector gives, in addition to the graviton, dilaton, 
antisymmetric tensor and spin 1 gauge bosons, the following scalar representations: 

h = [(1, 0); (2, -l)] 1AO ,o,o,o $23 = [(1, 0); (1, 0)] 0>li _ 1>0i0>0 (5a, b) 
h 2 = [(1, 0); (2, -l)] ,i, ,o,o,o *i3 = [(1, 0); (1, 0)] 1A _i, ,o,o <0 
h 3 = [(1, 0); (2, -l)] , ,i,o,o,o $12 = [(1, 0); (1, O)]^^^ (5e, /) 

(and their conjugates hi etc.). Finally, the Neveu-Schwarz sector gives rise to three 
singlet states that are neutral under all the U(l) symmetries. £1,2,3 : X^&i&i 1 0) , 
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In addition to these states the model contains additional color triplets and elec- 
troweak doublets in vector-like representations. These states carry U(l) charges 
under the hidden U{\) symmetries. The sectors in the additive group, which 
produce these states are obtained from a combination of 7, or 27, with some com- 
bination of the other basis vectors. The additional color trinlets. and electroweak 



generic feature of the the standard-like models. The model of Ref. [7] is one ex- 
ample in which this kind of doublets do not exist in the massless spectrum. All 
models have at least one pair of color triplets and one pair of electroweak doublets 
beyond the spectrum of the minimal supersymmetric standard model. I empha- 
size that all the color triplets and electroweak doublets, in table 2, are present in 
the massless spectrum of the model of table 1. These additional color triplets, 
and electroweak doublets, can affect the renormalization group equations in a way 
which enables gauge coupling unification at the string level. 

The model contains three anomalous U(l) symmetries: TrC/i = 24, TrU 2 = 24, 
Trt/3 = 24. Of the three anomalous U(l)s, two can be rotated by an orthogo- 
nal transformation. One combination remains anomalous and is uniquely given 
by: Ua = kJ2j[TrU(l)j]U(l)j, where j runs over all the anomalous U(l)s. For 
convenience, I take k — ^. Therefore, the anomalous combination is given by: 

U A = Ui + U 2 + U 3 , TrQ A = 72. (6a) 

The two orthogonal combinations are not unique. Different choices are related by 
orthogonal transformations. One choice is given by: 

U\ = Ui-U 2 , U' 2 = Ui + U 2 - 2U 3 . (66, c) 

I now turn to the superpotential of the model. All the non vanishing trilevel and 
quartic level terms in the superpotential of the model were generated by a simple 
FORTRAN program. I list here only the relevant terms. At trilevel the following 
terms are obtained 



+ /l3^45$45 + ^45 $45 + ^3^45*45 + ^3 ^45*45 

+ ^(£i£>i5i + 6^2^) + -^=(^1^202 + DiD 2 ^l)}, (7) 

where a common normalization constant is assumed. 

The "anomalous" {/(l)^ is broken by the Dine-Seiberg-Witten mechanism [11] 
in which a potentially large Fayet-Illiopolus D-term is generated by the VEV of 
the dilaton field. Such a D-term would, in general, break supersymmetry and 
destabilize the string vacuum, unless there is a direction in the scalar potential 
= Yli which is F flat and also D flat with respect to the non anomalous gauge 
symmetries and in which Qf-\ai\ 2 < 0. If such a direction exists, it will acquire 
a VEV, canceling the anomalous D-term, restoring supersymmetry and stabilizing 
the vacuum. Since the fields corresponding to such a flat direction typically also 
carry charges for the non anomalous D-terms, a non trivial set of constraints on 
the possible choices of VEVs is imposed. A particular example, in the model under 
consideration, is given by the set {$45, $45} with |($45)| 2 = 3|($ 45 )| 2 = j^r. 



3. Gauge Coupling Unification 

In this section I show that superstring gauge coupling unification can be re- 
alized in the standard-like model, provided that the additional color triplets and 
electroweak doublets exist at the appropriate scales. The one-loop gauge couplings 
beta functions are given by 

^ = (8) 
dt 2tt K J 

1 

where ct{ = ^ and t = Infi is the energy scale. 



where n G = 3 is the number of generations and — 2 is the number of Higgs 
doublets. 



2. For the additional color triplets and electroweak doublets 
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The renormalization group equations are integrated from the Z mass M z to the 
unification scale. In the presence of various mass thresholds, Mj (I = 1, • • • , n), 
the one-loop gauge couplings are given by [15] 



a^ 1 = a~\M z ) - i- 



M G M G M G 

Oi in -r-r- + On In "TT~ + ^2 In ■ 



M z 



Mi 



M 2 



(9c) 



where bn, i = 1,2,3 are the contribution of the new thresholds to the beta func- 
tions. 

I take the following values at the Z scale 

sin 2 6 W = 0.2334 ±0.001, 



or 1 = 127.8 ±0.2, 



a, = 0.115 ±0.015. 



(10a) 
(106) 
(10c) 



Using the relations sin 2 8 W = 3a ^ 5a2 , a = 3 ^+ a 5 2 a2 and a 3 (M z ) = a 8 , the initial 



The unification scale is denned as the scale at which the gauge couplings are equal 

a 3 (Mu) = a 2 (Mu) = a^Mu). (12) 

In the minimal supersymmetric model a unification scale at O(10 16 GeV) is consis- 
tent with LEP precision data. In the superstring standard-like models the unifi- 
cation scale is pushed to 

Mp^lx 10 18 GW oljj = 0.059, (13) 

provided, for example, that the exotic color triplets and electroweak doublets 
masses are 

M DuDu D 2 D 2 ~ O(10 8 GeV); M D ^ ~ O(10 12 GeV) (14a) 

and 

M tjg ~ 0(4 x 10 n GeV). (146) 

Clearly other possibilities for the masses of the additional states do exist, this being 
just a particular example which realizes superstring gauge coupling unification. 

4. Conclusions 

In this paper I have shown that in a class of superstring derived standard-like 
models, string gauge coupling unification can be consistent with precision LEP 
data for sin 2 9\y and a s . I showed that the presence of exotic color triplets and 
electroweak doublets in the massless spectrum of superstring standard-like mod- 
els can elevate the unification scale to O(10 18 )GeV, provided that the additional 
states exist at the aDDroDriate mass scales. The Darticular model under considera- 



In the model of Ref. [8], where the opposite sign for c I J was taken, we obtain 

electroweak doublets instead of color triplets. Thus, the number of additional color 
triplets and electroweak doublets is model dependent. Consequently, whether or 
not superstring gauge coupling unification can be realized is highly model depen- 
dent. However, we may conclude that superstring gauge coupling unification in 
the standard-like models is possible. The model of table 1, being an explicit ex- 
ample that contains all the necessary massless states to achieve superstring gauge 
coupling unification. 
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Table 2. The additional color triplets and electroweak doublets, in the massless spectrum of 
the model of table 1, and their quantum numbers. 
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Table 1. A three generations sc/(3) x s;7(2) x E/(i) 2 model. The choice of generalized GSO coeficients is: 

i!J -{!) - -'0 - -'0 - -{I) - -{]) - -{L) - - a=iA3) - - th itc 

others specified by modular invariance and space-time supersymmctry. 



